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We evaluate the effectiveness of
decontamination using the GIS in
Fukushima.
 Decontamination is a certain efﬁcacy
in terms of the external exposure
reduction.
 However, it is estimated 13–55% area
is above 100 mSv/30 years after
decontamination.
 Forest decontamination was not
effective in the view of reduction
external exposure.
 External exposure conversion
coefﬁcient is the most important
parameter.g r a p h i c a l a b s t r a c ta r t i c l e i n f o
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Evaluation zonea b s t r a c t
Despite the enormous cost of radiation decontamination, there has been almost no quantitative discus-
sion on how much it would reduce the long-term external radiation exposure in the Evacuation Zone and
Planned Evacuation Zone (restricted zone) in Fukushima. The aim of this study is to assess the effective-
ness of decontamination and return options and to identify important parameters for estimating the
long-term cumulated effective dose (CED) during 15, 30 and 70 year period using data on land-use, pop-
ulation and decontamination in the restricted zone (about 1100 km2) in Fukushima.
Decontamination of the land is assumed to have a certain efﬁcacy in terms of the reduction of CED. The
EeCC (external exposure conversion coefﬁcient) is the parameter having the greatest effect on the per-
centage of area having CED during the 30 years above 100 mSv after decontamination, ranging from
13% (EeCC = 0.2) to 55% (EeCC = 0.6). Therefore, we recommend a detailed investigation of the EeCC in
Japan.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
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The accident at the Tokyo Electric Power Company’s (TEPCO)
Fukushima Daiichi Nuclear Power Plant (hereinafter referred to
as F1NPP) released radionuclides into the atmosphere, which was
then transported by the wind before falling back to the land and
sea surface through precipitation. Approximately 22% of the radio-
nuclides released is thought to have been deposited on land (Mori-
no et al., 2011), and currently, a large quantity of radionuclides
remains in soil in agricultural and urban areas, as well as on as-
phalt and concrete surfaces, and in forests on the leaves and
branches of trees and in the litter layer (organic layer) of the soil
(Ministry of Education Culture Sports Science and Technology in
Japan, 2011a, 2011b). Monitoring of large areas by aircraft has re-
vealed a zone of high-density surface deposition of Cesium-134
and Cesium-137 extending to the northwest from the nuclear
power station (Ministry of Education Culture Sports Science and
Technology in Japan, 2011c). Due to external exposure from the
ground deposition of radioactive radio-cesium, a large area was
evacuated and is currently under restriction (we refer to these
zones as the restricted zone). The area of the restricted zone is
about 1100 km2 and 85000 people were evacuated from the re-
stricted zone.
Following the accident, the Japanese government promulgated
the ‘‘Act on Special Measures Concerning the Handling of Environ-
ment Pollution by Radioactive Materials Discharged by the NPS
Accident Associated with the Tohoku District – Off the Paciﬁc
Ocean Earthquake That Occurred on March 11’’ (‘‘Act on Special
Measures Concerning the Handling of Pollution by Radioactive
Materials’’) on December 8, 2011, with the goal of quickly reducing
the impact of the environmental pollution from the radioactive
material on human health and the environment. Under this legis-
lation, which was fully enforced from January 1, 2012, a framework
and guidelines for decontamination operations were released,
‘‘Decontamination Guidelines (December 2011)’’ (Japanese Minis-
try of the Environment, 2011a), which covered methods for survey-
ing and measuring the degree of contamination of the environment
in intensely contaminated areas, as well as measures for decon-
tamination, and guidelines for collection, transport, and storage
of removed soil. The Ministry also formulated a decontamination
plan to be implemented under the direct supervision of the gov-
ernment, and announced a ‘‘Policy for Decontamination in Special
Decontamination Areas (Decontamination Roadmap; January
2012)’’ (Japanese Ministry of the Environment, 2012c).
Pilot-scale investigations, however, revealed that the decon-
tamination efﬁciency varies depending on land use or air dose rate,
and even if decontamination is conducted, the air dose rate cannot
be reduced to the background radiation levels (Japan Atomic En-
ergy Agency, 2012; Fukushima Prefecture, 2012b). Furthermore,
the cost of decontamination, including only decontamination and
temporary storage, will be expected to reach as much as 107 mil-
lion Yen in the period from 2011 to 2013 (Japanese Ministry of the
Environment, 2011b, 2012a,b). This does not include the cost of an
interim storage facility and ﬁnal disposal site.
It is extremely important for people who lived in restricted zone
that the affected land be decontaminated and restored to its origi-
nal state for the return of residents to the land. However, as men-
tioned above, the contaminated area is so large and the
effectiveness of the decontamination is limited that it is impossible
to completely restore this area to its original state by decontamina-
tion in a short period of time. Additionally, for the return of resi-
dents to the land, it is important to evaluate air dose rates and
the cumulated effective dose after decontamination. For illustra-
tive purposes, the cumulated effective doses during 15 year,
30 year and 70 year period (hereinafter, we call them CED15,CED30 and CED70, respectively) are used under multiple decontam-
ination scenarios. Despite the enormous costs associated with radi-
ation decontamination, almost no quantitative assessment has
been performed on the potential reductions in long-term radiation
exposure in the restricted zone in Fukushima for different decon-
tamination strategies.
There have been several studies that evaluated the effective
dose and the effect of remediation of radioactive contamination re-
lated to the Chernobyl accident (Nisbet andWoodman, 2000; Jacob
et al., 2001, 2009; Fesenko et al., 2013). In most of these studies,
the effect of decontamination was evaluated for each individual
settlement. However, in the case of the accident in Fukushima, a
more detailed analysis is required because of the non-uniform dis-
tribution of radio-cesium, complex and ambiguous borders of land
use, and population distribution. There have been no studies that
have tried to evaluate the efﬁcacy of decontamination in a timely
manner using high-resolution (100-m to 1-km mesh) spatial anal-
ysis employing the Geographic Information System (GIS).
The aim of this study is (1) to make a quantitative evaluation of
the reduction of the cumulated effective doses (CED15 and CED30)
due to external radiation exposure for several decontamination sce-
narios using GIS in the restricted zone in Fukushima and (2) to iden-
tify important parameters that affect the CEDs in order to provide
recommendations for better decision making on decontamination.
2. Methods
An outline of our research is shown in Fig. 1. It consists of four
elements: GIS data and analysis, decontamination efﬁciency, exter-
nal exposure assessment, and decontamination scenario.
2.1. Target exposure pathway
There are two exposure pathways for radioactive material on
surfaces, internal exposure and external exposure. Many models
for dose estimation consider both pathways (Jacob et al., 2001,
2009). There are several studies from the Chernobyl accident of
signiﬁcant internal exposure via milk and food (United Nations Sci-
entiﬁc Committee, 2000; Jacob et al., 2009). The Japanese govern-
ment, however, established criteria for food and drinking water
at an early stage of the accident and was able to achieve reductions
in the soil-to-food transfer of radioactive materials, so that internal
doses were estimated to be relatively low. Based on a duplicate
portion study, the average annual internal exposure via food near
restricted zone was estimated to be 0.02–0.14 mSv (Coop Fukushi-
ma, 2011). Another measurement for radioactivity using a whole
body counter in Fukushima indicated levels of 2.8–57.9 (median:
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11.4) Bq kg-bodyweight1 in adults (Tsubokura et al., 2012). These
levels are a tenth or less of the external exposure dose of residents
in the same area. Therefore, in the present study, only external
exposure is considered.2.2. GIS data and analysis
For our examination of the air dose distribution and the effect
and efﬁciency of decontamination, we examined 12 municipalities
in the restricted zone of eastern Fukushima Prefecture with respect
to the spatial distribution of land use, population density, number
of public facilities, and road density, organizing the data using a 1-
km mesh.2.2.1. Data on air dose rate
The data on air dose rate were obtained from the ‘‘Dose Rate
Measurement Map (Monitoring Period: October 22–November 5,
2011)’’ gathered during the fourth airborne monitoring survey
(Ministry of Education Culture Sports Science and Technology in
Japan, 2011b). The data cover a range within 80 km of the F1NPP
and show the air dose rate distribution at a height of 1 m above
the ground classiﬁed into 9 levels from under 0.1 lSv h1 to above
19.0 lSv h1. We digitized these data and used spline interpolation
to estimate the spatial distribution.
For a detailed evaluation of the digitized data in the high-dose
range of 19 lSv h1 or above, we estimated the spatial distribution
in greater detail by applying the spline method using 138 points
for the air dose rate coefﬁcient as of November 5, 2011 (Japanese
Ministry of Enterprise Trade and Industry, 2011). The autocorrela-
tion of measured and estimated air dose rate of these 138 points
was 0.95 (see Fig. S1). In addition, since no measurement was ob-
tained for the area within a 3.2-km radius of the F1NPP, we as-
sumed a dose rate of 30 lSv h1 for this area.
For each 100-m mesh unit (mesh size 100 m  100 m), the esti-
mated air dose rate at the center was used as the representative va-
lue, and then, the arithmetic mean of the 100-m mesh air dose
rates was used to calculated the air dose rate for each 1-km mesh
unit (mesh size 1 km  1 km). These values included a background
level of radiation (average, 0.04–0.05 lSv h1) (National Institute
of Advanced Industrial Science and Technology, 2011). For this
analysis, we used an estimate of 0.045 lSv h1 as the background
value.2.2.2. Land use and population data
For the land-use data, we used 100-m mesh data from national
land numerical data provided by the Ministry of Land, Infrastruc-
ture, Transport and Tourism (Japanese Ministry of Land Infrastruc-
ture Transport and Tourism, 2009). We reorganized the original 12
classiﬁcations for land use into 6, including paddy ﬁelds, other
agricultural land, forest, land for buildings, roads, and other uses.
For our population distribution, we used grid statistics (1-km
mesh) from a 2005 national population census (Ministry of Internal
Affairs and Communications, 2012).
To specify the locations of public facilities, we used national
land numerical information data (Japanese Ministry of Land Infra-
structure Transport and Tourism, 2009). The target public facilities
were public ofﬁces, schools, hospitals, post-ofﬁces, libraries, and
social welfare institutions (Japanese Ministry of Land Infrastruc-
ture Transport and Tourism, 2009). For the total road length, we
used the road density and total road length mesh data from the na-
tional geographical numerical data. These data comprises the total
extended road distance by road width for each 1-km mesh.2.3. Decontamination methods and efﬁciency
We selected the decontamination methods listed in Table 1 for
evaluation after referring to the decontamination guidelines:
‘‘Fukushima Prefecture Decontamination Countermeasure Opera-
tion Implementation Guideline’’ (Fukushima Prefecture, 2012a),
‘‘Guidelines Related to Decontamination’’ (Japanese Ministry of
the Environment, 2011a), and ‘‘Provisional Calculation Standards
for Decontamination Work in Special Decontamination Zones’’
(Japanese Ministry of the Environment, 2012d).
To consider the variance in decontamination efﬁciency depend-
ing on the air dose rate, three decontamination scenarios are as-
sumed (Table 1). These were based on the average (Scenario 1),
maximum (Scenario 2), and minimum values (Scenario 3) for each
air dose rate classiﬁcation from the actual measured data on aver-
age planar decontamination efﬁciency at target land-use within a
certain area by air dose rate and decontamination technique, as
published by the Japan Atomic Energy Agency ‘‘Result of the
Decontamination Model Project at the 11 Cities, Towns and Vil-
lages’’, Appendix 1 of Implementation Report on Decontamination
Relating to the Fukushima Daiichi Nuclear Power Station Accident
’’ (Japan Atomic Energy Agency, 2012). It is noticed that repeat
decontamination by same method can hardly reduce the surface
contamination and air dose rate.
We set that forest adjacent to 100-m mesh units used as paddy
ﬁelds, other agricultural land, or buildings were decontaminated,
whereas other areas of forest were not to be decontaminated.
Moreover, of the mesh units that contained forest to be decontam-
inated, we assumed that only 20% of the forests in these mesh units
would be decontaminated, as speciﬁed in the guidelines of the
Ministry of the Environment.
The post-decontamination air dose rate was calculated by mul-
tiplying the pre-decontamination 100-m mesh air dose rate
(excluding background value) by the residual ratio as calculated
from the reduction ratio (1 – reduction ratio). The post-decontam-
ination dose rates for the 100-m mesh units of land-use categories
subject to decontamination (land for buildings, paddy ﬁelds, other
agricultural land, roads, and decontaminated forest) within each 1-
km mesh unit were averaged, and these results were taken to be
the post-decontamination air dose rates for the respective 1-km
mesh units. If there were no land-use categories subject to decon-
tamination within a given 1-km mesh unit, then the post-decon-
tamination air dose rate was taken to be equal to the pre-
decontamination air dose rate.
2.4. Cumulated effective dose due to external exposure
2.4.1. External exposure conversion coefﬁcient
Individual daily external effective doses (lSv d1) are not the
same as the daily air dose rate (lSv d1). This is because the major-
ity of radioactive fallout is present outdoors and being indoors pro-
vides distance from sources of radiation, as well as walls having an
additional shielding effect (IAEA, 2000; United Nations Scientiﬁc
Committee, 2000; Golikov et al., 2002). The International Atomic
Energy Agency in ‘‘IAEA-TECDOC-1162’’ provides Shielding Factors
(SF) for external exposure as follows. In the case of a one- or two-
story wood-frame house, SF is 0.4 (shielding ratio 0.6); and in the
case of a block or brick house, SF is 0.2 (shielding ratio 0.8) (IAEA,
2000). Golikov et al. (2002) calculated the external exposure from
contaminated land using SF and the Occupancy Factor (proportion
of time occupied) of each location (Golikov et al., 2002). We called
the product of SF and the Occupancy Factor as the External expo-
sure conversion coefﬁcient (EeCC) in the present study. UNSCEAR
(2000) reported that estimated EeCCs (In this report, they called
this parameter as Reduction Factor) at Chernobyl ranged from
0.10 to 0.28 in 1987–1995 (United Nations Scientiﬁc Committee,
Table 1
Proposed decontamination methods and decontamination efﬁciency.
Land-use category Decontamination method Decontamination efﬁciency in air dose ratea
1 lSv h16 1–
3 lSv h1
3–
10 lSv h1
10 lSv h1>
Land for buildings Washing the roof and wall by high-presser washing and
brushing, cleaning gutter, topsoil removal and vegetation
removal at yard
Min 23% 19% 40% 66%
Ave 29% 35% 49% 70%
Max 33% 53% 58% 74%
Paddy ﬁelds and other agricultural
land
Remove and replace 5 cm of topsoil Min 34% 40% 40% 80%
Ave 34% 49% 47% 80%
Max 34% 54% 58% 80%
Forest (adjacent buildings, paddy
ﬁelds and other agricultural land
mesh units)
Remove fallen leaves and litter layer of 20% area of each 100 m-
mesh
Min 13% 21% 27% 54%
Ave 19% 27% 39% 59%
Max 24% 33% 61% 63%
Roads Clean road surface by high-pressure washing or shot-blasting,
clean gutters
Min 10% 23% 36% 62%
Ave 15% 30% 41% 66%
Max 18% 37% 46% 69%
Other land uses/forest (non-adjacent
mesh units)
No countermeasure Min 0% 0% 0% 0%
Ave 0% 0% 0% 0%
Max 0% 0% 0% 0%
Number of using model project 4 3 5 2
a Air dose rate was value before decontamination.
Table 2
External exposure conversion coefﬁcients (EeCC) and cumulated
effective dose coefﬁcient for calculating the cumulated effective dose
over 15 years (CED15) and 30 years (CED30).
EeCC Cumulated effective dose coefﬁcient
CED15 (mSv (lSv h1 on
November 5, 2011)1)a
CED30 (mSv (lSv h1 on
November 5, 2011))a
1 41.8 66.0
0.6 25.1 39.6
0.4 16.7 26.4
0.2 8.4 13.2
0.1 4.2 6.6
a 15 years and 30 years are from April 1, 2014.
T. Yasutaka et al. / Chemosphere 93 (2013) 1222–1229 12252000). The estimated EeCCs were higher in rural areas than in ur-
ban areas.
In Japan, the Ministry of the Environment currently evaluated
the daily individual external effective dose (lSv d1) from air dose
rate assuming 8 h spending outdoors and 16 h spending indoors as
an Occupancy factor and indoor SF being 0.4 (Japanese Ministry of
the Environment, 2011a). As a result of these hypotheses, the EeCC
was estimated 0.6.
Date City and Nihonmatsu City have collected data on the daily
individual external effective dose and air dose from actual children
and adults carrying dosimeters (Date City, 2012a,b; Nihonmatsu
City, 2012a,b), and calculated the EeCC to be approximately 0.2.
Although the data are still insufﬁcient to be conclusive, it appears
that the individual effective dose may be smaller than the Ministry
of Environment estimates. Therefore, in this study, we use both 0.2
and 0.6 as the EeCC for converting air dose into external effective
dose.
2.4.2. Estimation of the cumulated effective dose
Next, we calculate the cumulated effective dose for 15 years
(CED15), 30 years (CED30) and 70 years (CED70) for each 1-kmmesh
under the following assumptions: (1) the concentration ratio of
134Cs and 137Cs on March 25, 2011, was 1:1; (2) the air dose on
November 5, 2011, was attributable only to radio-cesium; (3) the
reduction in concentration of radio-cesium was only due to phys-
ical decay (weathering disregarded); and (4) the return of all evac-
uated residents to the restricted zone would be on April 1, 2014,
3 years after the accident. Assuming the return of all residents on
April 1, 2014, we calculated the additional effective dose 15 and
30 years from that date. The parameters (see Table 2) were calcu-
lated by the half-life of radio-cesium (134Cs: 2.06 years; 137Cs:
30 years) and the contribution ratio of each nuclide to the air dose
(conversion coefﬁcients CF3a peripheral dose rate from deposition
[(mSv h1) (kBq m2)1]) (IAEA, 2000).
2.5. Scenario
We have evaluated the effect of 5 decontamination scenarios
(see Table 3). Scenario 0 corresponds to no decontamination. As
mentioned above, considering the variance in decontamination
efﬁciency depending on the air dose rate, we used three decontam-
ination efﬁciency, average (Scenario 1), maximum (Scenario 2), andminimum values (Scenario 3) (see Table 1). We also considered an
additional scenario in which all of the forests were decontaminated
(Scenario 4). Scenario 4 is the same as Scenario 1 except for decon-
tamination of all forest area.
We have also evaluated another scenarios that the residents
will return in 2019 (Scenario 5), 2024 (Scenario 6) 2034 (Scenario
7) and 2044 (Scenario 8). Scenarios 5–8 are the same as Scenario 1
except for returning time.
In order to compare each scenario, we used following index ex-
pressed as:
PerCEDy;EeCC;SN ¼
X1224
z
ðCEDy;EeCC;SNðxÞ  POPðxÞÞ ð1ÞIndexCEDy;EeCC;SN ¼ PerCEDy;EeCC;SNPerCED30;0:6;S0 ð2Þ
where PerCED is total cumulated effective dose in the restricted
zone (mSV  person), CED is the cumulated effective dose (mSv),
POP is the population in a 1-km mesh (person km2), y is the num-
ber of years in the cumulated effective dose, SN is the scenario num-
ber (S0, S1, S2, S3, S4, S5, S6, S7, S8), and x is the 1-kmmesh number.
IndexCED is the relative index of the total cumulated effective dose
in the restricted zone compared to that without decontamination.
In order to compare the difference in the effect of decontamination
scenario, EeCC and evaluate period were ﬁxed as 0.6 and 30 years.
Table 3
Comparison of IndexCED30,0.6,SN (effectiveness of decontamination).
Scenario EeCC = 0.6
y = 30
Scenario 0 (without decontamination) 1.00
Scenario 1 (average decontamination efﬁciency) 0.40
Scenario 2 (minimum decontamination efﬁciency) 0.45
Scenario 3 (maximum decontamination efﬁciency) 0.33
Scenario 4 (average decontamination efﬁciency but all of the
forest was decontaminated)
0.40
Scenario 5 (average decontamination efﬁciency and resident will
return in 2019)
0.32
Scenario 6 (average decontamination efﬁciency and resident will
return in 2024)
0.28
Scenario 7 (average decontamination efﬁciency and resident will
return in 2034)
0.22
Scenario 8 (average decontamination efﬁciency and resident will
return in 2044)
0.17
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3.1. Area of decontamination
The decontamination area in Scenarios 1, 2 and 3, which follow
the guidelines of the Ministry of the Environment, is estimated to
be approximately 280 km2, or 25% of the total area. Land use in
the decontaminated area consists mainly of paddy ﬁelds (about
120 km2) and other agricultural land (80 km2), while decontami-
nated forest and land for buildings each comprise around 40 km2.
The non-decontaminated forest area is estimated to be about
835 km2. In Scenarios 1, 2 and 3, we assumed that 20% of the area
of the forest 100-m mesh units is adjacent to 100-m mesh units
used as paddy ﬁelds, other agricultural land, or buildings, which
were decontaminated, as speciﬁed in the guidelines of the Ministry
of the Environment.
3.2. Calculation of the cumulative effective dose after decontamination
Fig. 2 shows the estimated cumulative effective dose for
30 years with and without decontamination, and with EeCC values
of 0.2 and 0.6 for Scenario 1. Figs. 3, S2 and S3 show the area and
population in terms of the CED30 for Scenario 1. The results indi-
cate that decontamination does affect the CED30 in the restricted
zone (see Figs. 2 and 3). When an EeCC of 0.6 is assumed, 55% of
the area of the restricted zone has a CED30 above 100 mSv with
decontamination compared to a 68% area without decontamina-
tion. When an EeCC of 0.2 is assumed, the same quantity falls from
31% to 13% (see left graph of Fig. 3), meaning that 87% of the total
restricted zone will have a CED30 below 100 mSv. With the EeCC of
0.6, 54% of the population have a CED30 over 100 mSv and 55% of
the area is above 100 mSv, whereas the corresponding population
and area with EeCC = 0.2 is 6% and 13% after decontamination. The
affected population and area for each EeCC differ owing to the dif-
ference in population density in each 1-km mesh.
Fig. 4 shows the proportion of area and population with CED15,
CED30, and CED70 levels under 100 mSv in the future (2014, 2019,
2024, 2034, and 2044: Scenarios 1 and 5–8) with EeCC values of
0.2 and 0.6. If the people return in 2014, 37% and 67% of the pop-
ulation will have CED70 and CED15 values under 100 mSv, respec-
tively, for EeCC = 0.6. These values will increase as the time of
return is delayed to 39–91% in 2019 and 58–98% in 2044. In addi-
tion, when the EeCC is 0.2, the proportion of the population under
100 mSv is 89–99% for returning in 2014, and 93–100% in 2024.
3.3. Effectiveness of decontamination
Table 3 shows the effectiveness of decontamination for each
scenario. IndexCED30,0.6,S0 is the base index without decontamina-tion (1.0). After decontamination in Scenarios 1–8, IndexCED30,0.6 is
reduced by over 50% relative to Scenario 0. The difference in Index-
CED30,0.6 between the decontamination scenarios, considering the
range of decontamination efﬁciency (Scenarios 1–3), is only 22–
27%. Furthermore, the IndexCED30,0.6 for Scenario 4 (in which all
of the forest (840 km2) was decontaminated) was a same as the
Scenario 1 (in which only 40 km2 of the forest was decontami-
nated). For Scenario 1, we assumed that people lived only in decon-
taminated 100-m mesh units (land for buildings, paddy ﬁelds and
other agricultural land, roads, and forest adjacent to buildings) and
did not enter the contaminated forest. On the other hand, in Sce-
nario 4, we assumed that the land used by people was expanded
to a 1-km mesh, so we calculated the CED from the average 1-
km mesh air dose data including the entire decontaminated forest
region. As a result, IndexCED30,0.6 in Scenario 4 was the same as in
Scenario 1 because the decontamination efﬁciency of the forest
was lower than that of other land use.
IndexCED30,0.6 in Scenario 5, in which it was assumed that res-
idents would return in 2019, was 32% of that in Scenario 0 (without
decontamination) and 80% of that in Scenario 1 (with decontami-
nation and residents returning in 2014). In Scenarios 6–8, in which
it was assumed that residents would return in 2024–2044, Index-
CED30,0.6 was 42–70% of that in Scenario 1.4. Discussion
4.1. Effectiveness of decontamination for return of residents
From the results of our calculation, decontamination can reduce
the total CED in the restricted zone by over 50% (see Table 3) and
yields a larger low dose area (see Figs. 2 and 3). However, 13–
55% of the area retains a CED30 above 100 mSv and 38–80% above
50 mSv (see Fig. 3). This result demonstrates the difﬁculty of
decontamination; although the air dose rate and CED are reduced,
large areas remain contaminated. There is no evidence that people
who have taken refuge will return to their homes or whether the
government will permit them to.
Restoring the original state can be the fundamental principle for
the remediation of contaminated sites. However, as mentioned
above, since the contamination area is so large and the effective-
ness of the decontamination is limited, it is impossible to com-
pletely restore this area to its original state by decontamination
in a short period of time.
Even though efﬁciency of decontamination would be a major
factor in decision-making, other issues need to be considered.
Oughton et al. (2004) stated 11 viewpoints on sustainable restora-
tion and long-term management of radioactive contaminated land,
including cost, beneﬁt, public perception, and side effects. We
should discuss not only the effectiveness of the decontamination,
but also the cost, beneﬁt, and other related social and economic
factors.4.2. Effectiveness of decontamination of forest areas
Since forest occupies 70% or more of the restricted zone,
whether forest decontamination is performed will strongly inﬂu-
ence the decontamination cost and process, as well as the amount
of waste to be disposed of. Based on our model, implementation of
large-scale forest decontamination of this area will not affect the
CED30 (see Table 3). Further research is needed to estimate the
effectiveness of the regional scale decontamination of forest area.
Of course, radioactive material in the forest has a strong inﬂu-
ence not only on long-term contamination diffusion from ﬂowing
water and the forest ecosystem but also on food such as mush-
rooms and on timber production. Therefore, although the effect
Fig. 2. Effect of external exposure dose after and without decontamination on 30-year cumulative external dose.
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Fig. 3. Areas and populations ratio separated by the range of 30-year cumulative external dose for Scenario 1.
T. Yasutaka et al. / Chemosphere 93 (2013) 1222–1229 1227on CED30 is small, the behavior of radioactive material and man-
agement strategies for forest areas, for example food monitoring
or dietary advice, need to be investigated.
4.3. Inﬂuence of EeCC on CED
In order for residents to return to the restricted zone, the air
dose rate and the CED after decontamination is one of the most
important factors that must be considered. The CED changes signif-
icantly depending on the cumulative period (15 years, 30 years,
and 70 years, Table 3), the efﬁciency of the decontamination sce-
nario (Table 3), and the EeCC (taken to be in the range 0.2–0.6;
Figs. 2 and 3 and Table 3).
Changing EeCC from 0.6 to 0.2 resulted in a 3-fold difference in
the CED. Furthermore, the area with a CED30 below 100 mSv ran-
ged from 55% of the total area to 87% when the EeCC was changedfrom 0.6 to 0.2 (left side of Fig. 3). Thus, if the CED is to be used as a
criterion for the return of residents to the area, then an accurate
determination of the distribution of EeCC and selection of appro-
priate EeCC will be very important.
The Japanese Ministry of the Environment calculated the CED
using the current EeCC value of 0.6 based on assumptions of an in-
door shielding ratio of 60%, and 8 h spent outdoors (Japanese Min-
istry of the Environment, 2011a). This seems like an appropriate
choice given the lack of actual measurement data during the initial
stages after the accident. However, measured and estimated EeCC
values ranged from 0.10 to 0.28 at the Chernobyl accident (United
Nations Scientiﬁc Committee, 2000) and from 0.15 to 0.30 in Fuku-
shima Prefecture after the accident (Date City, 2012a,b; Nihonma-
tsu City, 2012a,b).
Although the data are insufﬁcient to be conclusive, it is possible
that the individual effective dose may be smaller than the
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Fig. 4. Areas and populations ratio of the cumulative external dose under 100 mSv in different returning time (2014, 2019, 2024, 2034 and 2044: Scenarios 1 and 5–8).
1228 T. Yasutaka et al. / Chemosphere 93 (2013) 1222–1229estimates from the Japanese Ministry of Environment. Actual
measurements suggest that the EeCC is more likely to lie in the
range 0.1–0.3. It is important to analyze the reason for this differ-
ence, and to determine an EeCC value that accounts for such factors
as differences in shielding due to Japanese-style house construc-
tion and behavior patterns of individuals. This will be important
for a more deﬁnite argument on the return of residents to the
region.4.4. Effect of delaying the time of return on CED
The time of return to the restricted area has a large effect on the
CED. The ratio of the population with a CED under 100 mSv grad-
ually increases as the time of return is delayed. For example, com-
pared with returning in 2014, the ratio of the population with a
CEDy,0.6 under 100 mSv increases 2–24 points compared to return-
ing in 2019, and 13–27 points in 2034 (see Fig. 4). These results
show the possibility that the CED after returning could be made
to be less than 100 mSv through a combination of decontamination
and an appropriate time of return, even in the contaminated area
where the CED remains above 100 mSv immediately following
decontamination.5. Conclusions
This study provides the ﬁrst systematic evaluation of decon-
tamination on radioactive contamination released from the acci-
dent in Fukushima. Several decontamination scenarios were
considered and the reduction of CED in the restricted zone was
evaluated using data on land-use, population and decontamina-
tion. It was estimated that from 13% to 55% of the total area would
be classiﬁed as having a CED30 above 100 mSv after decontamina-
tion for 2014. We also demonstrated that several parameters
(EeCC, efﬁciency of decontamination, and span of evaluation) and
the timing of return (2019, 2024, 2034 and 2044) inﬂuence the re-
sults of the calculation of CED, so it is important that these by con-
sidered carefully before making any decisions based on the results.
In particular, the result depends heavily on the EeCC parameter,
and therefore, we recommended a detailed investigation into an
accurate EeCC value for Japan.Appendix A. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.chemosphere.
2013.06.083.
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